Background. Systemic chemotherapies for various malignancies have been shown to significantly, yet transiently, decrease numbers of CD4 + T lymphocytes, a major reservoir for human immunodeficiency virus type 1 (HIV-1) infection. However, little is known about the impact of cytoreductive chemotherapy on HIV-1 reservoir dynamics, persistence, and immune responses.
Despite the ability of combination antiretroviral therapy (ART) to suppress human immunodeficiency virus (HIV) to undetectable blood levels, viral reservoirs persist [1] [2] [3] . Consequently, the main challenge in achieving HIV eradication is to eliminate these persistent, infected cells [1, 4] . Systemic cytoreductive chemotherapy used to treat various malignancies has been shown to significantly, yet transiently, decrease circulating and tissue-based CD4 + T lymphocytes and monocyte-derived cells [5] [6] [7] [8] [9] . These are the primary cells infected with HIV, and it is plausible that chemotherapy-induced elimination of cells capable of harboring HIV leads to a reduction in the number of latently infected cells. Furthermore, many of the first-line chemotherapeutic regimens for lymphomas involve the use of rituximab, a monoclonal antibody that targets CD20-expressing B cells and can disrupt the architecture of B-cell follicles [10] [11] [12] [13] [14] [15] [16] [17] [18] . CD4 + T follicular helper (T FH ) cells within these follicular zones are thought to be a major source of HIV persistence and residual transcription in the setting of ART [19] [20] [21] [22] . However, the effects of systemic cancer chemotherapies, with or without concomitant rituximab, on HIV persistence are poorly understood, and there are few data regarding the effects of chemotherapy on HIV-specific immune responses, immune activation, or viral evolution.
Prior work has suggested that integration of HIV into genes that regulate the cell cycle, including oncogenes, may result in preferential proliferation of these cells, leading to enrichment of such HIV integrants [23, 24] . However, there is a paucity of information regarding whether extrinsic drivers of cell proliferation may lead to persistence of the HIV reservoir. The reduction in CD4 + T cells in the setting of cytoreductive chemotherapy and subsequent cellular proliferation during postchemotherapy immune reconstitution [7] offers a window into the mechanisms by which HIV-infected cell pools persist or even expand over time with the potential to provide unique insights into reservoir dynamics. As a result, we investigated the changes in peripheral CD4 + T cell-associated HIV DNA and RNA levels, viral diversity, HIV-and other virus-specific immune responses, and plasma markers of inflammation in the setting of cytoreductive chemotherapy for solid tumor and hematological malignancies. In addition, the contribution of Epstein-Barr virus (EBV)-and cytomegalovirus (CMV)-responsive CD4 + T cells to the peripheral blood HIV-1 burden was determined as these viruses may reactivate during cancer therapy, triggering CD4 + T-cell proliferation.
METHODS

Study Subjects, Sample Collection, and Processing.
Medical record information, plasma, and peripheral blood mononuclear cells (PBMCs) were obtained from a prospective cohort of HIV-infected individuals with a malignancy requiring systemic chemotherapy from 2012 until 2015 at Dana-Farber/ Harvard Cancer Center (DFHCC)-affiliated institutions. The DFHCC Office for Human Research Studies approved the study and written signed informed consent was obtained from all participants. Baseline samples were collected prior to or immediately following cycle 1 of chemotherapy initiation whenever possible (baseline time point). Samples were also collected between chemotherapy cycles (if unable to obtain baseline time points for hematological malignancies and for all Kaposi sarcoma [KS] and solid tumor patients who received ongoing, continuous therapy cycles); after cessation of chemotherapy once absolute neutrophil counts reached >1000 cells/μL or higher (postchemotherapy time point 1); and approximately every 6-9 months thereafter if available (postchemotherapy time points 2, 3, etc). CD4 + T-cell counts and percentages and viral load measurements were obtained from routine clinical testing at the time of sample draw. PBMCs were obtained from whole blood by Ficoll-Hypaque gradient centrifugation following removal of plasma.
CD4 + T-Cell-Associated HIV-1 DNA and RNA Quantification
Purified, CD4 + T cells were isolated from PBMCs using negative selection magnetic bead separation (STEMCELL Technologies). DNA and RNA were extracted from CD4 + T cells using the AllPrep Kit (Qiagen, Valencia, California) and quantified using a sensitive and specific real-time polymerase chain reaction (PCR) assay as described previously [25, 26] . Unspliced cell-associated RNA (usRNA) was quantified using a real-time PCR assay using the same primers and probes as for HIV-1 DNA; HIV-1 DNA and usRNA levels were normalized to cell number using a conserved region of the CCR5 gene as previously described [25, 26] .
Assessment of Surface Markers of Lymphocyte Activation and Proliferation and HIV-Specific T-Cell Responses
Thawed PBMCs were stained with Fixable Blue Dead Cell Stain, anti-CD3 (Invitrogen, Eugene, Oregon), anti-CD4 (eBioscience, San Diego, California), anti-CD8, anti-CD38, anti-HLA-DR, anti-CD57, anti-CD25, and anti-CD69 (BD Biosciences, San Jose, California). Following surface staining, cells were fixed, permeabilized, and stained for intracellular anti-Ki-67 (BD), a cell cycling marker. Samples were analyzed on a BD LSRII flow cytometer using FACSDiva software (BD).
Cytometer settings were kept consistent by tracking laser voltages using UltraRainbow Fluorescent Particles (Spherotech, Lake Forest, Illinois). Compensation settings were assessed using BD CompBead particles (BD). Samples were also analyzed using FlowJo (Tree Star, Ashland, Oregon). Only live cells were included in the flow cytometric analyses. Interferon gamma (IFN-γ) enzyme-linked immunospot (ELISpot) assays were performed on PBMCs using a comprehensive HLAspecific peptide panel as described previously [27] . An antigen-specific PBMC response was considered positive only if it was ≥5 spot-forming units/10 6 PBMCs, and at least 4 times the mean background.
HIV-1 Envelope Single-Genome Analysis
Single genome amplification and sequencing of near full-length envelope sequences from longitudinal time points were performed based on an existing protocol [28] . Maximum likelihood (ML) trees of near full-length envelope sequences were constructed to compare sequence divergence using the PhyML/ PAUP plugins for Geneious Pro (Biomatters) after statistical selection of best-fit models of nucleotide substitution (jModelTest). Large gaps and sequence segments with ambiguous nucleotide alignments were stripped prior to model selection and phylogenetic analysis. ML trees including sequences from all samples from all participants were constructed to rule out contamination.
CMV/EBV-Specific Responses and CD4 + T-Cell DNA
To identify CD4 + T cells specific for EBV or CMV for subsequent fluorescence-activated cell sorting (FACS), we adapted a previously described method [29] for use on postchemotherapy lymphocytes. Following PBMC thawing, cells were resuspended at a final concentration of 1.5 × 10 6 /mL in R10-IL2 (RPMI/10% fetal bovine serum/penicillin-streptomycin/L-glutamine/IL-2 at 50 U) in FACS tubes at no more than 2 mL of culture per tube. CMV and EBV lysates (Virusys lot G1232161 and lot H1245002) were added to tubes at a final concentration of 10 μg/mL for each. Negative and positive control experiments involving media alone or αCD3/αCD28 beads were also performed. Two hours following addition of CMV and EBV lysates, bovine serum albumin was added to each tube to a final concentration of 5 μg/mL. Following 18 hours, cells were washed with phosphate-buffered saline and resuspended in 200 μL of complete medium as detailed above followed by surface staining with anti-CD14 (APC-Cy7), anti-CD16 (APC-Cy7), anti-CD19 (APC-Cy7), anti-CD3 (BV510), anti-CD4 (BV785), anti-CD8 (PE-Cy7), and Live-Dead Blue (UV). Cells were then washed and fixed with Perm A, and washed and resuspended in Perm B with intracellular staining antibodies IFN-γ (fluorescein isothiocyanate) and interleukin 2 (IL-2) (PE-cf594). Cells were then analyzed and sorted by CD3 + /CD4 + cytokine-positive (defined by detectable IL-2 and/or IFN-γ) or cytokine-negative subsets using a FACSAria sorter. The gating strategy is shown in Supplementary Figure 6 . Cells were then pelleted and DNA was extracted using the QiaAMP DNA Mini Kit (Qiagen) for HIV quantification.
Data Analysis
Phylogenic and statistical analyses were performed using Geneious version R7 (Biomatters) and Prism 6.0 (GraphPad Software). MEGA 6.0 was used to calculate mean genetic phylogenetic differences between single genome alignments. SPSS (IBM) version 20 was used to calculate no-parametric analyses (Wilcoxon rank-sum test). Comparisons between each timepoint were performed using 2-sided tests without adjustment for the number of repeated measures given limited sample sizes.
RESULTS
CD4 + T-Cell-Associated HIV-1 DNA and RNA Levels Increase Following Cancer Chemotherapy in Antiretroviral-Treated Individuals
To determine the impact of cytoreductive therapies on HIV reservoirs and immune responses, we established a longitudinal cohort of 15 HIV-1-infected individuals with a diagnosis of malignancy requiring systemic chemotherapy (n = 13) or subsequent autologous hematopoietic stem cell transplantation (HSCT) (n = 2). Large-volume peripheral blood collection before, during and following cancer therapy was collected. Table 1 shows clinical details for each participant. A majority of individuals had a diagnosis of diffuse large B-cell lymphoma and were treated with CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) or EPOCH (etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin) with the addition of rituximab for a minimum of 5 cycles. In some instances, salvage therapy was required for insufficient first-line responses. Another common group consisted of participants with KS who received systemic liposomal doxorubicin. Longitudinal samples were also obtained from 2 individuals who received autologous HSCT for refractory lymphoma; one remained on ART throughout the study interval, whereas the other stopped ART at the time of HSCT and subsequently died from cancer-related causes.
HIV-1 DNA and RNA levels measured directly in CD4 + T cells before initiation of chemotherapy (or at the first collection time point during chemotherapy if no pretreatment time point was available) were compared with levels following completion of chemotherapy in individuals with hematological malignancies (n = 8) or KS (n = 2) who remained on ART throughout cancer treatment or KS. Of note, there were no significant differences in mean HIV nucleic acid levels measured at baseline and the first collection time point (all P > .8). However, significantly higher levels of CD4 + T-cell-associated DNA and RNA were observed during the second and third postchemotherapy time points, respectively, compared with the first pre-or on-chemotherapy values (P = .043 for both analyses; Figure 1 ). a Participant started ART at first chemotherapy infusion, VL decreased to 32 copies/mL during subsequent chemotherapy cycles.
b Participant discontinued ART at the time of autologous HSCT (pretransplant VL = 22 copies/mL).
A similar pattern emerged in sensitivity analyses comparing CD4 + T-cell-associated HIV-1 nucleic acid levels from participants who had samples available only from baseline time points (n = 7). A >1 log 10 increase in HIV-1 DNA copies/10 6 CD4 + T cells was observed between the prechemotherapy and second postchemotherapy time points (approximately 6-9 months following completion of chemotherapy), but this difference was not statistically significant (all P > .05; Figure 1 ). All individuals included in reservoir analyses were taking ART consistently during the time of HIV-1 DNA and RNA sampling. Four individuals had transient viral "blips" during or following therapy (Table 1) , with the highest blip measured equal to 539 HIV-1 RNA copies/mL. A majority of individuals were fully suppressed. As expected, peripheral blood CD4 + T cell counts declined following chemotherapy initiation, and increased to similar or higher levels months to years following completion of treatment. Except for cell-associated RNA from participant 4, cellular HIV-1 DNA and RNA levels remained stable or increased following chemotherapy completion (Supplementary Figure 1) . Viral loads, CD4 + T-cell counts, and CD4 + T-cell HIV-1 DNA and RNA levels from participants receiving treatment for solid tumors (KS and renal cell carcinoma) for whom longitudinal samples were available are shown in Supplementary Figure 2 . Although 1 participant with KS showed a >3 log increase in cell-associated RNA, there was no consistency in the magnitude or direction of change in cell-associated HIV-1 DNA and RNA over time among participants overall. Interestingly, decreasing levels of CD4 + T-cell HIV-1 DNA and RNA were observed in 1 of 2 recipients who underwent autologous HSCT (participant 15) who stopped ART at the time of transplant and experienced a 6 log 10 increase in HIV-1 following transplantation. The other autologous HSCT patient, who remained on ART (participant 14), did not have a marked change in HIV nucleic acid levels prior to and following transplantation (Supplementary Figure 3) .
Impact of Chemotherapy on Markers of T-Cell Activation and Proliferation, and HIV-1 Immune Responses
Except for participant 1, who was not taking ART during cancer treatment, cellular markers of CD4 + and CD8 + T-cell activation (cells co-expressing HLA-DR and CD38) and proliferation (Ki67) either remained stable or decreased following completion of treatment ( Figure 2 ; Supplementary Figure 4) . Overall, however, there were no significant differences between time points with respect to any of the surface markers. ELISpot assays of total PBMC responses to overlapping HIV-1 peptides were performed on samples from those subjects with sufficient cell numbers and longitudinal sampling to quantify changes in HIV-1-specific immune responses (n = 5) (Supplementary Figure 5 ; Supplementary Table 1) . Overall responses to HIV-1 peptide pools before, during, or after chemotherapy were mixed. However, the CMV/EBV/influenza antigen (CEF) responses increased dramatically in 2 participants (4 and 7, on ART throughout treatment) following completion of chemotherapy despite consistent high responses to mitogen controls at all time points. All participants tested had detectable EBV or CMV immunoglobulin G (IgG) levels, but no detectable CMV or EBV plasma DNA at the time of postchemotherapy sampling.
Oligoclonality of Single-Genome HIV-1 Envelope Sequences Following Chemotherapy
Single-genome amplification (SGA) of HIV env sequences from proviral DNA in peripheral blood CD4 + T cells was performed on samples from participants 2, 4, 6, and 7 with lymphoma who received ART and autologous HSCT participant 14. These individuals had sufficient numbers of cells at each time point to perform SGA. Maximum likelihood phylogenetic trees of prechemotherapy, on-chemotherapy, or postchemotherapy sequences are shown in Figure 3 . Clustering of identical or nearly identical sequences following completion of chemotherapy was observed in 2 participants (6 and 
HIV-1 DNA Preferentially Persists in EBV/CMV-Responsive CD4 + T Cells Following Chemotherapy and Autologous HSCT
Given the clonal expansion of HIV envelope sequences described above and the increasing HIV DNA and RNA levels following chemotherapy, we sought to identify whether these sequences were arising from antigen-specific cell populations. The HIV DNA burden in CD4 + T cells responsive to EBV or CMV antigens as indicated by intracellular IFN-γ and/or IL-2 production in postchemotherapy samples from participants with available SGA data was determined. CMV and EBV lysates were pooled to maximize the yield of cells responsive to antigens from either of the viruses. The percentages of EBV/ CMV-responsive CD4 + T cells producing IFN-γ and/or IL-2 varied from 3% to 23%. However, the level of proviral HIV-1 DNA was greatest in EBV/CMV-responsive cells, with little to no HIV-1 DNA detected in CMV/EBV-unresponsive lymphocytes ( Figure 4 ). Cytokine-producing cells from CD3/CD28 stimulation controls did not show the same degree of enrichment of HIV DNA sequences. As above, all of participants tested had detectable EBV or CMV IgG levels, but no detectable CMV or EBV plasma DNA at the time of postchemotherapy sampling. We attempted to sequence proviral HIV-1 DNA from sorted cells, but were unable to obtain intact sequences due to the fixation involved in cell sorting.
DISCUSSION
This study led to several novel insights into HIV-1 reservoirs and the nature of viral persistence. For example, despite a transient, and at times profound, reduction in CD4 + T cells capable of harboring HIV, CD4 + T-cell-associated viral nucleic acid increased in several individuals on ART following completion of repeated cycles of chemotherapy for various malignancies.
Oligoclonal clustering of HIV-1 envelope sequences following completion of chemotherapy in certain participants was also observed, suggesting a change in population structure during CD4 + T-cell reduction or clonal expansion during postchemotherapy immune reconstitution in the setting of ART. Our data also suggest that clonal expansion and maintenance of the HIV reservoir following cytoreductive chemotherapy may be due, at least in part, to CMV-or EBV-responsive CD4 + T cells. To our knowledge, we are the first to show that following cancer chemotherapy, HIV-1 DNA is preferentially, and in some cases exclusively, detected in CD4 + T cells that produce IFN-γ and/or IL-2 in response to EBV/CMV antigens. Chemotherapy is an intriguing context in which to study HIV persistence, as numerous cycles of therapy lead to reductions in the total numbers of CD4 + T cells and other hematopoietic cells that may harbor latent HIV [5] [6] [7] . As a result, it is plausible that total body HIV reservoirs decrease during chemotherapy through a stochastic reduction of infected cells. One prior study of lymphoma patients receiving systemic chemotherapy and one of otherwise healthy HIV-infected individuals who received cyclophosphamide monotherapy did not show a significant decrease or increase in HIV DNA or RNA levels following completion of therapy [30, 31] . In contrast, we observed an increase in both CD4 + T-cell-associated HIV DNA and RNA months to years following completion of therapy. These data do not discount, however, potential transient reductions in absolute numbers of infected CD4 + T cells in blood or various tissues because of the temporary loss of cells harboring HIV during chemotherapy administration. On the other hand, measuring HIV-1 DNA and RNA in CD4 + T cells has the potential to inform on clonal viral reservoir expansion. Interestingly, we did not observe increased markers of lymphocyte activation or proliferation following completion of chemotherapy or conditioning for autologous stem cell transplant, suggesting that tissues may be a major source of lymphocyte expansion or redistribution during immune reconstitution.
Several mechanisms may be involved in changes to the population structure of HIV-1 envelope sequences observed in 3 of 4 chemotherapy-treated participants with available data following completion of chemotherapy. First, it is possible that the overall HIV diversity decline was directly due to chemotherapy eliminating a portion of the infected lymphoid cells. Further studies will also be needed to clarify whether a change in the viral population structure in the periphery can reflect tissue based reservoir size and diversity. The enrichment in HIV sequences may also be related to antigen-driven proliferation, selective survival of these antigen-specific cell populations, or to preexisting enrichment in these populations prior to chemotherapy. For example, it is possible that observed HIV-1 reservoir expansion and increased envelope clonality was a result of preferential expansion of residual infected cells following chemotherapy containing HIV-1 DNA integrated into genes that regulate the cell cycle [23, 24] . Integration site analysis was out of the scope of this study, but further investigation is certainly warranted.
Our data suggest that proliferative stimuli other than HIV-1, such as CMV or EBV antigens, may lead, at least in part, to expansion of these cells. Self-limited reactivation of CMV (50%) and EBV (22%) occurs frequently in the setting of chemotherapy for hematological malignancies [32, 33] . Prior studies have also demonstrated that (1) genital CMV shedding is associated with higher levels of CD4 + T-cell activation and HIV-1 DNA levels [34, 35] ; (2) detectable CMV DNA obtained from PBMCs is correlated with a slower DNA decay in the setting of ART [36] ; and (3) EBV DNA levels are associated with higher cell-associated HIV-1 DNA and RNA levels [37] . No detectable plasma CMV or EBV DNA was identified in these patients at the time of sampling, but all had antibodies to at least 1 of these viruses. Furthermore, IFN-α-and/or IL-2-producing cells in response to CMV/EBV antigens represented a minority of the CD4 + T-cell population. However, a large majority of HIV-1 DNA was observed in the CMV/EBV-responsive cells, with DNA exclusively recovered from CMV/EBV-responsive cells in 1 patient. It is possible that proliferation of CMV/EBV-responsive CD4 + T cells from subclinical antigen exposure in blood or tissue led to selective expansion of cells that also happen to harbor HIV.
It is interesting to note that data from a prior study suggest that HIV preferentially exists in HIV-responsive CD4 + T cells [38] . However, these studies were conducted in individuals who did not undergo chemotherapy-related cytotoxicity, and it is certainly possible that HIV-specific CD4 + T cells in our study also preferentially harbored HIV.
Most participants with lymphoma in our cohort received multiple doses of rituximab, which targets CD20 + B cells [13] . The depletion of B cells may disrupt the local architecture at sites that are critical to reservoir maintenance. HIV largely resides in organized lymphoid tissues outside of the peripheral circulation. More specifically, T FH cells located within lymph node B-cell follicles are highly enriched in HIV-1 DNA, are highly permissible to HIV infection, and produce high levels of replication competent virus upon ex vivo stimulation [19, 21, 22] . It is therefore possible that rituximab therapy may expose tissue HIV-1 reservoirs for elimination. Six of our participants received repeated doses of rituximab but did not have longterm reductions in peripheral blood HIV RNA or DNA levels. We did not have the opportunity to examine HIV-1 burden in tissues, however, and studies involving the tissue responses to anti-B-cell therapies are needed.
This study was limited by the small sample size, heterogeneous makeup of the cohort, and the variable timing of follow-up samples, as dictated by clinical convenience. Furthermore, many potential participants identified were off ART and/or diagnosed with HIV at the time of presentation of their malignancy, thereby limiting the inclusions of many individuals on suppressive ART prior to the initiation of cancer therapy. Finally, given the presence of comorbidities related to the underlying malignancies in these patients, we were unable to obtain sufficient PBMCs to complete all studies on all participants, and were unable to perform more invasive tissue sampling. Nonetheless, we identified several important findings relevant to the understanding of HIV persistence as described above, and critical insights regarding antigen specificity of the reservoir may be further investigated in more diverse cohorts.
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